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Neuronal migration is required for the establishment of specific neural structures, such as layers and nuclei. Neurons
migrate along specific migratory routes toward their final destinations, sometimes across long distances. However, the
cellular and molecular interactions that control neuronal migration are largely unknown. Here, we examined the
mechanism underlying the transmedian migration of precerebellar neurons using a flat whole-mount preparation of the rat
embryo. These neurons were initially attracted by the floor plate (FP) at the ventral midline. However, after crossing the
midline, they lost their responsiveness to the FP and became attracted by the alar plate (AP). Although the loss of
responsiveness to FP cues was caused by an encounter of migrating cells with the FP, the gain of responsiveness to AP cues
occurred irrespective of their encounter with the FP. These results identify a crucial change in the response of migrating
cells to attractive guidance cues during the transmedian migration of precerebellar neurons. © 2002 Elsevier Science (USA)
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attraction.INTRODUCTION
Neuronal migration is an essential process in the devel-
oping central nervous system (CNS) that contributes to the
establishment of functional and structural units, such as
layers and nuclei (Hatten, 1999; Rakic, 1990). Newly born
neurons do not remain at their sites of origin but migrate
toward their final destinations along stereotypical path-
ways. This specificity implies the presence of specific
molecular and cellular interactions that control their direc-
tion and motility.
In the CNS, migration is known to occur along two
different axes, radial and tangential. Radial migration is
typically seen in the cerebral and cerebellar cortices, in
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All rights reserved.which postmitotic neurons are thought to migrate along
radial glial fibers (Hatten, 1999; Rakic, 1990). These neu-
rons seem to be guided by radial fibers that define the
orientation of cell migration (Hatten and Mason, 1990).
Several molecules expressed by migrating neurons and
radial fibers, such as cell adhesion molecules, components
of extracellular matrix, growth factors, and their receptors,
have been implicated in this interaction (Hatten, 1999;
Rakic et al., 1994; Rice and Curran, 2001).
In addition to radially migrating neurons, several types of
neurons have been shown to migrate in a different mode,
tangentially to the pial surface traversing radial glial fibers
(Altman and Bayer, 1997; Anderson et al., 1997; Bourrat and
Sotelo, 1988; De Carlos et al., 1996; Gao and Hatten, 1994;
Lois et al., 1996; Luskin, 1993; Mathis et al., 1997; Tama-
maki et al., 1997), suggesting that tangential migration
occurs independent of radial fibers. Tangentially migrating6857–6340. E-mail: fmura@user.center.osaka-u.ac.jp.321
FIG. 1. Transmedian migration of precerebellar neurons in flat whole-mount culture labeled by transplantation of a tissue from a GFP
transgenic rat. (A) Schematic diagrams of the coronal view of a rat myelencephalon showing the birth dates, migratory pathways, and final
destinations of inferior olivary nucleus (ION), lateral reticular nucleus (LRN), and external cuneate nucleus (ECN) neurons. ION, LRN, and
ECN neurons are generated at the lower rhombic lip at embryonic day 12 (E12) and E13, but LRN/ECN neurons at E14 (Altman and Bayer,
1997). ION neurons migrate along the submarginal path, forming an inferior olivary intramural migratory stream (iom), and settle
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FIG. 2. FP and Netrin-1 can promote migration of LRN/ECN neurons. (A–F) Biased migration of LRN/ECN neurons from an E14 GFP dorsal
medulla explant toward an FP explant or a 293(NET) cell aggregate; 3 div. Neurons migrate from the side facing an FP explant (B) or a 293(NET)
cell aggregate (D), while an alar plate (AP) explant (A) or a parental 293 cell aggregate (C) exerts no effect. The cells that once migrated into the
collagen gels navigated straight, without orienting toward the FP explant. (E, F) Higher magnification views showing migrating cells in (B) and
(D), respectively. (G) Suppression of FP-promoting effect by a DCC function-blocking Ab. Addition of the anti-DCC Ab (1g/ml) blocks the effect
of FP. (H) Immunostaining of the migrating neurons in collagen gels with an anti-DCC Ab (lower left panel), anti-TAG-1 Ab (lower center panel),
or anti-neuron-specific class III -tubulin Ab (lower right panel). GFP signals from each of the lower panels are shown in corresponding upper
panels. Arrows indicate representative double positive cells in each sample. Scale bar, 300 (A–D, G), 25 (E, F), and 50 m (H).
ipsilaterally near the floor plate (FP) (Bourrat and Sotelo, 1988; Altman and Bayer, 1997), whereas LRN/ECN neurons follow the marginal path,
forming a posterior extramural stream (pes), and cross the ventral midline (Bourrat and Sotelo, 1990). (B) Schematic diagrams showing
transplantation of a dorsal medulla explant from a GFP rat (upper panel) to a wild-type rat. E14 rat hindbrain was cut along the dorsal midline
and opened (lower panel). The hindbrain was cut at the level shown by a red dotted line to excise a myelencephalon explant. mt, metencephalon;
my, myelencephalon. (C–E) Flat whole-mount preparations with a GFP rat transplant cultured for 1 (C), 2 (D), and 3 div (E). Many GFP-positive
cells cross the FP in (D) and (E). (F) An enlarged image of migrating cells within the box in (E). Scale bar, 300 m (C–E) and 100 m (F). The FP
is immunostained with F84.1, followed by Cy3-conjugated secondary antibody. Double exposure with FITC and Rhodamine filters.
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neurons often travel for a long distance, sometimes even
across the midline (Altman and Bayer, 1997; Bourrat and
Sotelo, 1990; Simon and Lumsden, 1993). Although mecha-
nisms for tangential migration have begun to be elucidated
(e.g., Marı´n et al., 2001; Zhu et al., 1999), little is known
about the mechanisms that direct neurons as they migrate
tangentially across the ventral midline of the neural tube.
In the present study, we focused on the migration of
precerebellar neurons, cells that form precerebellar nuclei
and later provide primary inputs to the cerebellum. These
neurons originate from the embryonic lower rhombic lip at
the dorsal margin of the medulla and migrate tangentially
toward the floor plate (FP) at the ventral midline (Altman
and Bayer, 1997; Bourrat and Sotelo, 1988). Some of the
precerebellar neurons, such as those forming the inferior
olivary nucleus (ION) and pontine gray nucleus, settle
ipsilaterally. Others, typically those forming the lateral
reticular nucleus (LRN) and external cuneate nucleus
(ECN), cross the midline and continue to migrate contralat-
erally (Fig. 1A) (Altman and Bayer, 1997). Although the FP
was shown to increase the motility of ipsilaterally migrat-
ing precerebellar neurons in vitro (Alcantara et al., 2000; de
Diego et al., 2002; Yee et al., 1999), thus contributing to the
guidance of these cells to the FP, mechanisms that allow
neurons to migrate across the ventral midline and continue
toward their contralateral destinations have not been iden-
tified. Here, we show that the FP increases the motility of
contralaterally migrating precerebellar neurons and con-
trols the directionality of their migration, thereby guiding
the cells to the ventral midline. After having crossed the
ventral midline, however, these cells lose their attractive
response to the FP and, instead, become attracted by the
alar plate (AP). Interestingly, while the loss of their attrac-
tive response to the FP was caused by the interaction with
the FP, the gain of their attractive response to the AP was
induced by their entry into the contralateral neural tissue,
irrespective of an encounter with the FP. These changes in
cell responsiveness may allow the neurons to exit the
ventral midline region and migrate further toward their
contralateral destinations.
MATERIALS AND METHODS
Flat Whole-Mount Culture and Collagen Gel
Coculture
The experimental procedures for tissue dissection and flat
whole-mount culture followed those of Shirasaki et al. (1998) with
some modifications. All experiments were performed following the
guidelines of the National Institute for Basic Biology. The myelen-
cephalon was taken from an embryonic day 14 (E14) Wistar rat or
an E14 GFP rat (Tashiro et al., 2001) and then cut along the dorsal
midline. The myelencephalon was opened and flattened onto a
collagen-coated membrane filter (Transwell-COL Corning Costar;
pore size, 3.0 m) with the ventricular side down. In the experi-
ments using an explant derived from a GFP rat, the dorsal medulla
of the Wistar rat was replaced by the corresponding region from the
GFP rat with a width of 400–600 m. The preparation was
embedded in collagen gels and cultured at 37°C in a 5% CO2, 95%
humidity incubator. Collagen gel coculture was performed as
previously described (Shirasaki et al., 1995). An explant of dorsal
medulla was dissected from an E14 GFP rat embryo and cultured
with an FP or an AP explant from a wild-type embryo. Dorsal
medulla explants were embedded in collagen gels at a distance of
500–800 m with the paired explant or a cell aggregate of the
parental 293-EBNA cells (293 cells) or the 293-EBNA cells stably
expressing Netrin-1 [293(NET) cells] (gift from Dr. M. Tessier-
Lavigne) and cultured for 3 days. To block DCC function, anti-
DCC-Ab, AF5 (Oncogene Science Inc.), solution (100 g/ml in PBS
containing 0.1% sodium azide and 0.25% gelatin) was used at a
concentration of 1.0 g/ml. To remove sodium azide, the original
anti-DCC Ab solution was desalted by using a PD-10 column
containing Sephadex G-25M (Amersham Pharmacia). Migration of
neurons from the dorsal medulla elicited by an FP explant was
blocked by 10 g/ml Netrin-1 antibody. Affinity-purified Netrin-1
antibody was generated as described previously (Yee et al., 1999).
Immunohistochemistry
After culturing, flat whole-mount preparations were fixed with
4% paraformaldehyde overnight at 4°C and immunostained with
F84.1 Ab (1:40; a gift from Dr. W. B. Stallcup) to label the FP, or in
some cases, with an anti-TAG-1 Ab (4D7; 1:1) to label LRN/ECN
neurons, followed by Cy3-conjugated secondary antibody (1:300;
final concentration, 4.67 g/ml; Jackson ImmunoResearch). Mi-
grating cells in collagen gel coculture were fixed and immuno-
stained with an anti-DCC Ab (AF5; 1:300; final concentration, 0.33
g/ml; Oncogene), anti-TAG-1 Ab (4D7; 1: 30), and anti-neuron
specific class III -tubulin Ab (1:2000; a gift from Y. Arimatsu),
followed by incubation with a Cy3-conjugated secondary antibody.
GFP Labeling by Electroporation
The head of a Wistar rat embryo cut at the border between the
spinal cord and myelencephalon was transferred onto the lid of a
sterile dish. A solution containing the pEF–EGFP expression vector
encoding enhanced green fluorescent protein (EGFP) under the
control of the elongation factor (EF) promotor (5 mg/ml in PBS with
0.02% trypan blue; gift of Y. Hatanaka) was injected into the fourth
ventricle by using a glass pipette. The head was then immersed in
PBS and placed between forceps-shaped electrodes (TRtech) with
the cathode and anode placed on the left and right lower rhombic
lip, respectively. Electric pulses were applied (voltage: 40 V; 50 ms;
12 pulses) by using an electroporator (TRtech). We found that the
pEF–EGFP vectors were exclusively introduced into the right lower
rhombic lip. Although a large region of the ventricular surface
sometimes expressed GFP, GFP-positive cells migrating tangen-
tially under the pial surface were found only when the most dorsal
region of the medulla was labeled.
RESULTS
We first visualized neuronal migration by utilizing a flat
whole-mount preparation of the rat medulla combined with
transplantation of a piece of the dorsal medulla from a
transgenic rat that ubiquitously expresses GFP (Tashiro et
al., 2001) (Fig. 1B). The transplants were taken from E14 rat
embryos, since LRN and ECN neurons (termed LRN/ECN
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neurons hereafter) should be enriched in the dorsal medulla
at this stage (Fig. 1A) (Alcantara et al., 2000). After 1 day in
vitro (div), GFP-positive neurons started to migrate into the
wild-type host explant (Fig. 1C). The following day, there
was an increase in the number of cells extending a long
leading process, some of them reaching and even crossing
the FP (Fig. 1D). After 3 div, many cells had crossed the FP
and continued to migrate circumferentially (Figs. 1E and
1F). These cells occasionally formed a cell cluster, reminis-
cent of chain migration (Fig. 1F) (Alcantara et al., 2000;
Kyriakopoulou et al., 2002; Lois et al., 1996; Yee et al.,
1999). This migratory behavior is similar to that of precer-
ebellar neurons observed in vivo (Ono and Kawamura, 1989;
Bourrat and Sotelo, 1990), suggesting that the mechanisms
that regulate the transmedian migration of precerebellar
neurons are preserved in our flat whole-mount preparation
in vitro.
Although the FP is implicated in the migration of some
ipsilaterally migrating precerebellar neurons (Alcantara et
al., 2000; Bloch-Gallego et al., 1999; de Diego et al., 2002;
Serafini et al., 1996; Yee et al., 1999), whether the FP can
influence contralaterally migrating cells remains poorly
understood. To address this issue, we cocultured an explant
from the dorsal medulla of an E14 GFP transgenic rat with
an FP explant in collagen gels. When the explant was
cultured alone (not shown) or with a control AP explant,
virtually no cells migrated from the explant (n  10) (Fig.
2A). In contrast, when cocultured with an FP explant, a
dense clump of cells migrated from the side facing the FP
explant, elongating leading processes (n  10) (Figs. 2B and
2E). Similar results were obtained in coculture with a cell
aggregate stably expressing the laminin-related axon guid-
ance molecule, Netrin-1 [293(NET) cells] (n  10) (Figs. 2D
and 2F) but not with an aggregate of parental cells (293 cells)
(n  10) (Fig. 2C). The cell migration induced by the FP was
completely blocked by an antibody that blocks Netrin-1
function (not shown). Furthermore, an antibody that blocks
the function of Deleted in Colorectal Cancer (DCC), a
receptor for Netrin-1 (Keino-Masu et al., 1996), also blocked
the cell migration induced by the floor plate (n  10) (Fig.
2G). The neurons migrating toward the FP explant or the
293(NET) cell aggregate included cells that express DCC,
which is expressed by precerebellar progenitors in vivo (Fig.
2H, left) (Bloch-Gallego et al., 1999; de Diego et al., 2002;
Yee et al., 1999). The neurons migrating in vitro described
here also expressed TAG-1, an axonal surface glycoprotein
expressed by LRN/ECN progenitors but not by ION pro-
genitors in vivo (Fig. 2H, center) (Alcantara et al., 2000; de
Diego et al., 2002; Kyriakopoulou et al., 2002; Yamamoto et
al., 1986), and neuron-specific class III -tubulin (Fig. 2H,
right). Taken together, these results indicate that the FP
influences contralaterally migrating precerebellar neurons,
possibly by promoting their motility.
It seems likely that processes emanating from the GFP rat
explants include axons. In addition, they should also in-
clude neurons that were born somewhat earlier, making it
difficult to analyze migratory behavior of individual LRN/
ECN neurons without contamination by ION neurons. To
circumvent these problems, we introduced gfp cDNA lo-
cally into the lower rhombic lip by electroporation using a
pair of forceps-shaped electrodes before culturing the me-
dulla explants. After 16 h in vitro, a strong GFP signal was
observed in the lower rhombic lip on one side of the neural
tube, although the ventricular zone on this side was dif-
fusely labeled by GFP (Figs. 3A and 3B). At this moment,
some GFP-labeled cells had already left the lower rhombic
lip (Fig. 3B). After 3 div, many GFP-labeled cells were
migrating close to the ventral midline under the pial surface
(Figs. 3C and 3D), some of these having crossed the FP. Such
cells were not found when the lower rhombic lip did not
incorporate gfp vectors, even in cases in which the ventric-
ular surface was diffusely labeled (not shown). Irrespective
of the diffuse labeling of the ventricular zone with GFP (Fig.
3E), there were only a small number of slender processes in
cell sparse regions, where GFP-labeled cells had departed
(Fig. 3F), ensuring that the labeled processes near the pial
surface were derived from the migrating neurons. It is likely
that these GFP-labeled cells migrating just under the pial
surface are LRN/ECN neurons, because they expressed
TAG-1 (Figs. 3G–3I). Together, these results suggest that
the GFP was targeted rather specifically to migrating LRN/
ECN neurons. Importantly, the morphology of individual
cells can be clearly visualized in these preparations (see Fig.
3G).
The results described above, obtained using collagen gel
coculture, raise the possibility that the FP not only pro-
motes migration but also provides directional cues for
LRN/ECN neurons. This was tested by using flat whole-
mount preparations labeled by electroporation. We found
that GFP-labeled cells migrating from the lower rhombic lip
extended leading processes that reorient toward the ectopic
FP (eFP) (Figs. 4A and 4B; Table 1). Directed migration of
LRN/ECN neurons could also be elicited by an aggregate of
293(NET) cells. In this case, when the aggregate was placed
adjacent to a flat whole-mount preparation, many neurons
near the 293(NET) cell aggregate migrated toward it (Figs.
4C and 4D; Table 1). In contrast, no reorienting behavior
was observed toward a control explant such as an AP
explant or an aggregate of 293 cells (Figs. 4E and 4F; Table
1). These findings indicate that the FP and netrin-1 can
direct the migration of these neurons.
After crossing the ventral midline, LRN/ECN neurons do
not linger at the midline, but continue to migrate. A
possible mechanism that would allow these cells to leave
the FP, analogous to the guidance of commissural axons at
the FP (Shirasaki et al., 1998), is a change in their respon-
siveness to FP guidance cues: LRN/ECN neurons, for ex-
ample, might lose their responsiveness to the FP attractive
cues. To test this, we placed an eFP explant adjacent to the
tissue of a flat whole-mount preparation contralaterally to
the origin of the migrating cells. We found that the neurons,
although they might travel near the eFP, once having
crossed the ventral midline did not reorient toward the eFP
(Figs. 5A and 5B; Table 1). Similar results were obtained by
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using an aggregate of 293(NET) cells instead of an eFP (Figs.
5C and 5D; Table 1). A contralaterally placed 293 cell
aggregate had no effect on the migrating neurons (Figs. 5E
and 5F). These results support the idea that the LRN/ECN
neurons lose their responsiveness to FP directional cues
after having crossed the ventral midline.
Once LRN/ECN neurons cross the FP, they continue to
migrate circumferentially away from the FP, toward the
contralateral basal or alar plate. We suspected that this
might be due to attraction by a structure in the contralat-
eral neural tube. As expected, when a piece of an AP explant
was placed adjacent to the contralateral part of a flat
whole-mount preparation, the leading processes of migrat-
ing neurons that had crossed the ventral midline reoriented
toward it (Figs. 6A and 6B; Table 1). In contrast, migrating
neurons ignored an ectopic AP (eAP) explant placed ipsilat-
erally and continued to migrate straight toward the midline
FP (Figs. 6C and 6D; Table 1). These results suggest that,
once they have crossed the ventral midline, LRN/ECN
neurons become attracted by the AP.
Changes in the response of cells to FP attractive cues
could be caused by an interaction with the FP, as is the case
for the growth cones of hindbrain commissural axons
(Shirasaki and Murakami, 1998). To examine this possibil-
ity, we removed the ventral midline region encompassing
the FP, fused a dorsal medulla explant on the labeled side to
FIG. 3. Transmedian migration of LRN/ECN neurons in flat whole-mount culture labeled by electroporation. (A–F) Flat whole-mount
preparations labeled by introducing gfp cDNA into a lower rhombic lip before culturing for 16 h (A, B) or 3 days (C–F). (B) An enlarged image
of the region enclosed by the dashed line in (A). (D, F) Higher magnification views showing migrating cells within the lower and upper box
in (C), respectively. Cell bodies and leading processes can be clearly seen. (A, C) Views from the pial surface. (E) View from the ventricular
surface of the same preparation as (C). Sixteen hours after gfp cDNA introduction into the lower rhombic lip, GFP-positive neurons leave
the rhombic lip and start to migrate along the tangential route under the pial surface (A, B). After 3 div, a number of GFP-positive cells
migrate circumferentially under the pial surface, crossing the ventral midline (C, D). Although the ventricular surface is diffusely labeled
by GFP (E), more GFP-positive processes are found in the region rich in GFP-positive cells (D) than the sparse region (F). The FP is
immunostained with F84.1, followed by Cy3-conjugated secondary antibody. Double exposure with FITC and Rhodamine filters. (G–I)
Immunostaining of the GFP-labeled migrating neurons in a flat whole-mount preparation with an anti-TAG-1 Ab. Confocal images of GFP
signals (G), TAG-1 signals (H), and merged signals (I). Arrows indicate representative double positive cells. Scale bar, 300 (A, C, E), 200 (B),
100 (D–F), and 50 m (G–I).
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a contralateral neural tissue, and observed the response of
cells as they migrate near an FP explant placed contralater-
ally. Despite the lack of the midline FP providing an
attractive cue, LRN/ECN neurons migrated circumferen-
tially and entered the contralateral tissue, possibly using
either FP-derived cues remaining in the neural tissue or
some unknown cue(s) unrelated to the FP. In such prepara-
tions, the FP attracted migrating neurons that had invaded
the contralateral neural tissue (n  5) (Figs. 7A and 7B).
Taken together with the above observations, these findings
suggest that the loss of cell responsiveness to the FP
attractive cues was caused by their encounter with the FP.
FIG. 4. LRN/ECN neurons reorient toward an ectopic FP (eFP) explant or Netrin-1 source before crossing the FP. (A–F) Reorientation of
migrating LRN/ECN neurons toward an eFP explant (A, B) or a 293(NET) cell aggregate (C, D) but not toward a 293 cell aggregate (E, F).
Flat whole-mount culture. (A, C, E) LRN/ECN neurons labeled by local introduction of gfp cDNA into the rhombic lip; 2 div. (B, D, F)
Enlarged images of the migrating neurons within the boxed areas in (A), (C), and (E), respectively. Cells near an eFP explant (A, B) (shown
in red) or a 293(NET) cell aggregate (C, D) reoriented toward the explant or the aggregate placed on one side of a whole-mount preparation.
The control 293 cell aggregate had no effect on the migrating cells (E, F). The FP is immunostained with F84.1, followed by Cy3-conjugated
secondary antibody. Double exposure with FITC and Rhodamine filters. Dashed line indicates the border of the FP explant, the 293(NET)
cell aggregate, or the 293 cell aggregate. Scale bar, 300 (A, C, E) and 100 m (B, D, F).
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In contrast, in a similar preparation in which an AP
explant was placed contralaterally, cells migrating into the
contralateral side of the neural tube turned toward an
ectopic AP explant (n  5) (Figs. 7C and 7D), as they do in
unmanipulated preparations (Figs. 6A and 6B). This result
suggests that the changes in cell responsiveness to AP cues
do not require direct contact with the FP.
DISCUSSION
We have developed a culture system that enables visual-
ization of transmedian migration of lower rhombic lip-
derived neurons. Most of the cells labeled with GFP by
electroporation in the flat whole-mount preparations are
likely to be LRN/ECN neurons. At E14, the lower rhombic
lip produces almost exclusively LRN/ECN neurons, while
both ION and LRN/ECN neurons are generated at E13
(Alcantara et al., 2000). Because gfp cDNA was introduced
specifically into the cells facing the fourth ventricle, pre-
cursors of LRN/ECN cells or newborn LRN/ECN cells
should be preferentially labeled by this method. In fact, the
GFP-labeled neurons migrating in the flat whole-mount
preparations expressed TAG-1, a marker known to be
expressed by LRN/ECN neurons but not by ION neurons in
vivo (Alcantara et al., 2000; de Diego et al., 2002; Kyriako-
poulou et al., 2002). Furthermore, many GFP-positive neu-
rons in our culture that crossed the FP and LRN/ECN
neurons are the only precerebellar neurons that cross the
ventral midline.
In collagen gel coculture, precerebellar neurons migrate
from a dorsal medulla explant with a strong bias toward an
FP explant or a source of Netrin-1 (present study and
Alcantara et al., 2000; de Diego et al., 2002; Yee et al.,
1999). We found that LRN/ECN cells migrated into colla-
gen gels radially and extended their leading processes
straight without showing a sign of turning (Fig. 2). Thus, the
migration in collagen gels could be explained by assuming
that cells facing an FP explant (or Netrin-1 source) receive a
stronger influence from an FP-derived factor that upregu-
lates cell motility. In our flat whole-mount culture, how-
ever, migrating LRN/ECN neurons reoriented toward an FP
explant. The apparent discrepancy between the two experi-
ments might be attributable to differences in the molecular
and cellular environments of collagen gels and neural
tissues. Recently, the extracellular matrix molecule
laminin-1 was shown to alter the response of growth cones
to Netrin-1 (Hopker et al., 1999). Thus, it is possible that
the reorientation of migrating neurons requires an addi-
tional component(s) in the extracellular matrix not present
in collagen gels.
Because dorsal medulla contains commissural neurons
whose axonal processes should also be influenced by the FP,
commissural axons might have grown toward an FP explant
together with migrating neurons. Thus, one would argue
that migrating cells might have reoriented toward eFP by
merely following commissural axons that had elongated
earlier. However, this is unlikely because many commis-
sural axons at the level of medulla have already reached the
ventral midline in vivo at E14 when we introduced gfp
cDNA (not shown). It is therefore likely that only migrating
neurons move toward an eFP. Differences between the
behavior of commissural axons and LRN/ECN cells after
midline crossing also support this conclusion (see below).
LRN/ECN neurons were initially attracted by the FP and
Netrin-1, but lost their responsiveness to FP cues after
having crossed the midline. Although the molecular
mechanisms underlying this change in responsiveness re-
main unknown, Slit-2, a repellent for several types of
migrating axons and cells, abolishes the turning response of
Xenopus spinal axons to Netrin-1 (Stein and Tessier-
Lavigne, 2001). In our preliminary experiments, we de-
tected mRNAs encoding Robo-1 and Robo-2 (Brose et al.,
1999; Kidd et al., 1998), receptors for Slit-2, in the migratory
stream of LRN/ECN neurons. Thus, it would be of interest
to examine whether Slit-2–Robo interactions are involved
in the migration of LRN/ECN neurons in the midline
region.
We have identified the presence of an as yet uncharacter-
ized attractive cue for LRN/ECN neurons present in the AP.
Although the molecular nature of the AP cue remains
unknown, the observation that LRN/ECN neurons migrat-
ing at a distance from the border of an eAP explant reorient
toward it (Fig. 6B) suggests that the cue may be secreted,
diffusible, and act at a distance from its source.
More importantly, we have found that the responsiveness
to the attractive AP cue changes after ventral midline
crossing. Interestingly, the gain of responsiveness of LRN/
ECN neurons to the AP cue occurred in an FP-independent
TABLE 1
Semi-Quantitative Analysis of Reorienting Behavior
of LRN/ECN Neurons
Explant or cell aggregate placed






293 cell aggregate (ipsi) 0/10
FP (ipsi) 12/12
293(NET) cell aggregate (ipsi) 12/12
FP (contra) 0/14
293(NET) cell aggregate (contra) 0/10
AP (contra) 19/22
Note. Preparations in which cell bodies of 10 GFP-labeled
neurons were found in the area that includes the ectopic explant (or
cell aggregate) and the region of whole-mount preparation within
150 m from the explant border were chosen for the analysis. We
scored responses as positive when10 individually distinguishable
leading processes occurred in ectopic explants or cell aggregates.
Ipsi (or contra) means that an explant or a cell aggregate was placed
ipsilaterally (or contralaterally) to the origin of migrating neurons.
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FIG. 5. LRN/ECN neurons do not reorient toward an eFP explant or Netrin-1 source once they have crossed the FP. LRN/ECN neurons
that have crossed the FP, traveling near an eFP (A, B), a 293(NET) cell aggregate (C, D), or a 293 cell aggregate (E, F). (A, C, E) LRN/ECN
neurons labeled by gfp cDNA electroporation; 3 div. An FP explant was attached adjacent to the preparation contralaterally to gfp cDNA
introduction. (B, D, F) Enlarged images of the cells that have crossed the ventral midline and face an eFP (B), a 293(NET) cell aggregate (D),
or a 293 cell aggregate (F) within the boxed areas in (A), (C), and (E), respectively. The migrating neurons do not reorient toward the eFP (A,
B), the 293(NET) cell aggregate (C, D), or the 293 cell aggregate (E, F). The FP is immunostained with F84.1, followed by Cy3-conjugated
secondary antibody. Double exposure with FITC and Rhodamine filters. Dashed line indicates the border of the FP explant, the 293(NET)
cell aggregate, or the 293 cell aggregate. Scale bar, 300 (A, C, E) and 100 m (B, D, F).
FIG. 6. LRN/ECN neurons reorient toward an etopic AP (eAP) explant after crossing the FP. LRN/ECN neurons migrating near an eAP placed
ipsilaterally (C, D) or contralaterally (A, B) to gfp cDNA introduction. (A, C) LRN/ECN neurons labeled by gfp cDNA electroporation. A flat
whole-mount preparation cultured for 2 (C) or 3 days (A). (B, D) Enlarged images of the migrating neurons within the boxed areas in (A) and (C),
respectively. The neurons reorient toward a contralaterally positioned eAP (A, B) but not an ipsilaterally placed eAP (C, D). Dashed line indicates
the border of the AP explant and thick double line indicates the FP. Scale bar, 300 (A, C) and 100 m (B, D).
FIG. 7. LRN/ECN neurons that have entered the contralateral neural tube in FP-deleted preparations reorient both toward an eFP explant and
an eAP explant. LRN/ECN neurons migrating near an eFP (A, B) and an eAP (C, D) in the flat whole-mount preparations after invation into the
contralateral side. (A, C) LRN/ECN neurons labeled with gfp cDNA by electroporation. A flat whole-mount preparation from which a ventral
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midline region including the FP was deleted was cultured for 2 days. (B, D) Enlarged images of the migrating neurons within the boxed areas in
(A) and (C), respectively. The neurons reorient toward an eFP (A, B) or an eAP (C, D) positioned contralaterally. The FP is immunostained with
F84.1, followed by Cy3-conjugated secondary antibody. Dashed line indicates the border of explants. Scale bar, 300 (A, C) and 100 m (B, D).
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manner. One possible mechanism is that the responsive-
ness to the AP cue is regulated by a developmental clock in
LRN/ECN neurons. This seems unlikely, however, because
in an FP-deleted preparation, LRN/ECN neurons entering
into the contralateral neural tube reoriented toward the
eAP explant at 2 div (Fig. 7C), while those traveling ipsilat-
erally in a normal flat whole-mount preparation did not
(Fig. 6C). It is also possible that they respond to a change in
a tissue polarity along the dorsoventral axis, which occurs
as they travel into the contralateral neural tube. Under-
standing the mechanism underlying this response will
require further analysis.
Our results indicate that common mechanisms may
operate between commissural axons and precerebellar neu-
rons until they cross the ventral midline: they are initially
attracted by the FP and Netrin-1 (Shirasaki et al., 1995;
Tamada et al., 1995), but lose their responsiveness to FP
cues after having crossed the midline and this change in
cellular response is induced by interacting with the FP
(Shirasaki and Murakami, 1998). However, after midline
crossing, migrating LRN/ECN neurons exhibit distinct be-
haviors and respond to different cues. While the encounter
of hindbrain commissural axons with the FP causes them to
become responsive to cues in the ventral midline region and
leads them to change their trajectory from circumferential
to longitudinal (Shirasaki and Murakami, 2001), migrating
LRN/ECN neurons become attracted by AP cues and con-
tinue to migrate circumferentially. Moreover, unlike the
commissural neurons, their switch in responsiveness is
induced by their entry into the contralateral neural tissue
and not by their encounter with the FP. Different mecha-
nisms governing the change in responsiveness appear to
operate in the commissural axons and contralaterally mi-
grating neurons, thus enabling migrating axons and neurons
to make specific responses to contralateral attractive cues.
In conclusion, FP-derived cues play important roles in
guiding contralaterally migrating precerebellar neurons to
the ventral midline: these cues both promote the motility
of these cells and direct their migration. However, on
arriving at the ventral midline region, the cells ignore the
FP and become sensitive to AP-derived cues, thus switching
their target from FP to AP. This may enable them to
migrate further contralateraly toward their final destina-
tions.
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